Background: Hypertriglyceridemia is associated with increased risk of cardiovascular disease. Until recently, the importance of hepatic de novo lipogenesis (DNL) in contributing to hypertriglyceridemia was difficult to assess because of methodologic limitations. Objective: We evaluated the extent of the contribution by DNL to different conditions associated with hypertriglyceridemia. Design: After 5 d of an isoenergetic high-fat, low-carbohydrate diet, fasting DNL was measured in normoinsulinemic (≤ 85 pmol/L) lean (n = 9) and obese (n = 6) and hyperinsulinemic (≥ 115 pmol/L) obese (n = 8) subjects. Fasting DNL was measured after a low-fat, high-carbohydrate diet in normoinsulinemic lean (n = 5) and hyperinsulinemic obese (n = 5) subjects. Mass isotopomer distribution analysis was used to measure the fraction of newly synthesized fatty acids in VLDL-triacylglycerol. Results: With the high-fat, low-carbohydrate diet, hyperinsulinemic obese subjects had a 3.7-5.3-fold higher fractional DNL (8.5 ± 0.7%) than did normoinsulinemic lean (1.6 ± 0.5%) or obese (2.3 ± 0.3%) subjects. With the low-fat, high-carbohydrate diet, normoinsulinemic lean and hyperinsulinemic obese subjects had similarly high fractional DNL (13 ± 5.1% and 12.8 ± 1.4%, respectively). Compared with baseline, consumption of the high-fat, low-carbohydrate diet did not affect triacylglycerol concentrations. However, after the low-fat, high-carbohydrate diet, triacylglycerols increased significantly and DNL was 5-6fold higher than in normoinsulinemic subjects consuming a highfat diet. The increase in triacylglycerol after the low-fat, highcarbohydrate diet was correlated with fractional DNL (P < 0.01), indicating that subjects with high DNL had the greatest increase in triacylglycerols. Conclusions: These results support the concept that both hyperinsulinemia and a low-fat diet increase DNL, and that DNL contributes to hypertriglyceridemia.
INTRODUCTION
Humans have a limited capacity to store energy as carbohydrate, and when carbohydrate intake exceeds storage and oxidation capacities, extra carbohydrate energy is converted to fat by de novo lipogenesis (DNL). In the liver, DNL can play a crucial role in glucose homeostasis, even at amounts that may not be important for whole-body fat balance. Indeed, by converting excess carbohydrate and excess gluconeogenic substrates to triacylglycerol, DNL in the liver may be an important pathway for controlling glucose production and blood glucose concentration. Yet, although this process may maintain glucose homeostasis and prevent diabetes, it may also have the detrimental effect of increasing triacylglycerol concentrations, which in turn may increase the risk of cardiovascular diseases (1, 2) .
The activity of lipogenic enzymes seems to be very limited in humans on the basis of in vitro measurements (3) , but the significance of hepatic DNL in vivo was, until recently, difficult to assess because of methodologic limitations (4) . The traditional in vivo method, indirect calorimetry, can only quantify net DNL, which is the difference between overall body fat oxidation and overall DNL. With this method, if an organ such as the liver is converting carbohydrate into fat at a slower rate than the simultaneous overall fat oxidation taking place in all other tissues of the body, there is no net DNL (4) . Because of these limitations, the importance of DNL in humans has been overlooked until recently.
Since the early 1990s, we and other investigators have measured DNL by using 2 novel approaches: 1) a stable-isotope tracer technique, mass isotopomer distribution analysis (5, 6) , and 2) a technique developed on the basis of the endogenous dilution of linoleate, an essential fatty acid that cannot be synthesized de novo (7, 8) . Using these new approaches, investigators have established that DNL varies considerably depending on the dietary conditions and health status of the subjects.
Only limited amounts of carbohydrate are available for DNL with the typical Western diet, because of its high fat content (35-40% of energy as fat). When this type of diet was fed to healthy subjects, hepatic DNL was absent or very low (5, 7, 9) . However, when healthy subjects were overfed with carbohydrate, both hepatic DNL and glucose production were increased and the increases were proportional to the excess intake of carbohydrate (9) . The research on these overfeeding conditions shows the close interaction between glucose production and hepatic DNL. Another dietary condition that leads to increased hepatic DNL, even when subjects are in energy balance, is when healthy subjects are fed a diet that is very low in fat (10% of energy) and very high in carbohydrate (75% of energy) (7, 10) . The carbohydrate-induced rise in hepatic DNL was found to be more pronounced when more than half of the carbohydrate was consumed as simple sugars (8) . These studies showed the critical role of carbohydrate quality, with simple sugars being more effective than were complex carbohydrates in stimulating hepatic DNL. Another study used a slightly lower proportion of total carbohydrate (68%) but much more complex carbohydrate, and the results showed that hepatic DNL was minimal (11) .
In the present study, we measured hepatic DNL in weightstable subjects after they consumed a balanced, low-fat, highcarbohydrate diet for 5 d. The diet had 68% of energy from carbohydrate, with 54% of total carbohydrates as simple sugars and 46% as complex carbohydrates. This diet was representative of typical low-fat diets. The effect of this diet on hepatic DNL was compared with that of a standard high-fat Western diet.
We and other investigators have also explored how health status affects hepatic DNL. The most intriguing finding is that critically ill patients make fat from carbohydrate even when they consume a high-fat diet. Concurrently, they have high concentrations of triacylglycerols, and carbohydrate intake fails to suppress their endogenous glucose production, a characteristic feature of hepatic insulin resistance and syndrome X (12, 13) . Like critically ill patients, hyperinsulinemic obese subjects also exhibit increased triacylglycerol concentrations and increased hepatic glucose production (14) . Therefore, we determined whether obese subjects would also have increased DNL. Because hyperinsulinemia does not always occur in obesity, we measured hepatic DNL in obese subjects with and without fasting hyperinsulinemia to investigate whether hyperinsulinemia was a determinant of increased hepatic DNL.
SUBJECTS AND METHODS

Subjects
Volunteers were recruited by advertisement. The study protocol was approved by the University of California San Francisco and University of California Berkeley Committees on Human Research. The protocol was explained in detail to the subjects, who then gave their written informed consent to participate before any procedures were undertaken. The 33 subjects were nonsmoking male volunteers (14 normal weight and 19 obese subjects). Women were excluded from the study because of the known effect of sex on DNL. The subjects had no history of medical illnesses and showed no abnormalities when screened by physical examination or laboratory testing. All subjects had a stable body weight during the 6 mo preceding the study. HIV-positive subjects were excluded because metabolic abnormalities have been documented in asymptomatic seropositive persons (15) . Subjects taking medications with potential metabolic effects (eg, ␤-blockers, theophylline, diuretics, glucocorticoids, ␤-agonists, and phenytoin) were also excluded. The subjects who met all the enrollment criteria were admitted to the General Clinical Research Center (GCRC) for the study procedures within 2-6 wk after the screening day, depending on the availability of both the subject and the GCRC.
Body mass index (BMI) was calculated as weight (in kg) divided by height squared (in m). Total body composition was measured with dual-energy X-ray absorptiometry (software version 3.65; Lunar model DPX, Madison, WI) (16) .
Experimental design
Two different protocols were performed at the GCRC of San Francisco General Hospital. To ensure strict control of the diet composition, energy intake, and physical activity, the subjects were inpatients confined to the GCRC metabolic ward for the duration of the 5-d study. The subjects received the same diet every day, given as 3 meals and 2-3 snacks (depending on subject preference). The overall macronutrient composition was consistent among all subjects, but the food items used to compose the diet were chosen on the basis of each subject's usual diet and preferences. The ratio of complex to simple carbohydrates in the high-fat, low-carbohydrate diet was the same as for the low-fat, high-carbohydrate diet (54 ± 2% simple and 46 ± 2% complex carbohydrates). Fructose was not excluded from the diets, but it represented only a small portion of the simple carbohydrate (mainly in soft drinks and in the form of sucrose). The amounts of nϪ3 polyunsaturated fatty acids were very low in all the subjects' diets. Initial energy intake was calculated from the basal metabolic rate (determined with the Harris-Benedict equation) multiplied by a factor of 1.3 for activity. Total energy intake was adjusted to maintain a stable body weight throughout the 5-d study. Previous research showed that when subjects stay on a metabolic ward and consume a study diet for 5 d, this is enough time to allow DNL to reach a new equilibrium (9) .
The first protocol consisted of 5 d of an energy-balanced, high-fat, low-carbohydrate diet (40.0 ± 0.4% of energy from fat, 45.8 ± 0.5% from carbohydrate, and 14.3 ± 0.3% from protein), followed by an infusion study on the sixth day. This protocol involved 3 different groups of subjects: 9 normoinsulinemic lean subjects (fasting insulin ≤ 100 pmol/L and BMI ≤ 26 at screening), 6 normoinsulinemic obese subjects (fasting insulin ≤ 100 pmol/L and BMI ≥ 27 at screening), and 8 hyperinsulinemic obese subjects (fasting insulin ≥ 135 pmol/L and BMI ≥ 27 at screening); the 2 groups of normoinsulinemic subjects were normotriglyceridemic (fasting triacylglycerols ≤ 1.7 mmol/L).
The second protocol involved 2 different groups of subjects: 5 normoinsulinemic lean subjects and 5 hyperinsulinemic obese subjects. The protocol consisted of 5 d of an energybalanced, low-fat, high-carbohydrate diet (16.9 ± 1.0% of energy from fat, 67.9 ± 0.7% from carbohydrate, and 15.2 ± 0.7% from protein) followed by the same infusion study that was used in the first protocol.
Infusion study
The infusion study consisted of an overnight intravenous infusion of sodium [1-13 C]acetate (0.120 mmol · kg Ϫ1 · h Ϫ1 ) purchased from Isotec (Miamisburg, OH) or Cambridge Isotope Laboratory (Andover, MA). Isotopic purity was > 98%. At 2130 on day 5 of the dietary protocols, an intravenous line was placed in the antecubital vein of each arm, one intravenous line for administration of the isotope and the other for drawing blood. At 2300, the infusion was started. A blood sample was drawn 10 h later into iced evacuated tubes containing 1 mg EDTA/mL. The samples were mixed thoroughly before centrifugation at 1500 ϫ g for 20 min at 4 ЊC.
Biochemical and mass spectrometry analysis
Triacylglycerol concentrations were measured with a colorimetric assay (337-B; Sigma Inc, St Louis). Insulin was analyzed with a commercial radioimmunoassay (Coated-tube RIA for Insulin; Diagnostic Products Corp, Los Angeles), and cortisol was measured with the in-house RIA described previously (17) . Gas chromatography-mass spectrometry (GC model 6890 and MS model 5973; Hewlett-Packard, Palo Alto, CA) was used for isotopic enrichments of palmitate-methyl esters from VLDL. A 20-m fused DB-1 silica column was used, with electron impact ionization with single ion monitoring. Methyl palmitate ions were monitored at a mass-to-charge ratio of 270-272, representing the parent M 0 through the M 2 isotopomers. Fractional DNL was calculated by mass isotopomer distribution analysis, as described in detail elsewhere (6) . The ratio of double-labeled to single-labeled excesses in VLDL-palmitate reveals the isotopic enrichments of the true precursor for lipogenesis (hepatic cytosolic acetyl-CoA). By application of probability logic and on the basis of multinomial expansion, the fractional contribution of DNL to VLDL fatty acids can be calculated by using the precursor-product relation (5, 6) . To determine whether fatty acids synthesized de novo in adipose tissue could potentially contribute to hepatic DNL, plasma fatty acids were extracted and then isolated by thin-layer chromatography, followed by measurement of DNL in fatty acids by gas chromatography-mass spectrometry and mass isotopomer distribution analysis.
Statistical analyses
Data are presented as means ± SEMs. Statistical analyses were performed by using STATVIEW, version 4.1 and SUPERANOVA, version 1.11 (both from Abacus Concepts, Berkeley, CA), with P < 0.05 considered statistically significant. The significance of mean differences among groups was determined with analysis of variance (ANOVA). Post hoc analyses for between-group comparisons of subject characteristics, glucose and cortisol concentrations, and fractional DNL were performed with the Tukey Compromise test, with a 5% procedure-wise error rate. The relation between triacylglycerol and DNL was analyzed by using simple linear regression. For insulin and triacylglycerol, comparisons of prediet (screening) and postdiet concentrations were performed with a two-factor repeated measures ANOVA with one group factor (5 groups) and one time factor (prediet and postdiet). If a significant group-by-time interaction was found, the preceding analysis was repeated separately for each diet. Both fractional DNL and the change in triacylglycerol concentrations are expressed as percentages, and the statistical analyses were performed on the logtransformed data.
RESULTS
Subject characteristics and composition of experimental diets
A total of 23 subjects participated in the high-fat, low-carbohydrate diet protocol. These subjects were either lean normoinsulinemic, obese normoinsulinemic, or obese hyperinsulinemic ( Table 1) . Ten subjects, who were either lean normoinsulinemic or obese hyperinsulinemic, participated in the low-fat, high-carbohydrate diet protocol. The lean and obese subjects in the different groups were not significantly different with respect to age and height, but had significantly different values for body weight, BMI, and body fat ( Table 1) .
In both diet protocols, the subjects were in energy balance (ie, at stable body weight) during the 5 d preceding the infusion protocol. On average, those fed the high-fat, low-carbohydrate diet received 40% of energy from fat, 46% from carbohydrate, and 14% from protein. The low-fat, high-carbohydrate diet supplied 17% of energy from fat, 68% from carbohydrate, and 15% from protein ( Table 2) . Body weight and body fat remained stable throughout the 5 d on the isoenergetic diet protocol.
Plasma glucose, insulin, triacylglycerol, and cortisol
Fasting plasma glucose concentrations measured at the screening visit did not differ significantly between groups ( Table 3) . Because cortisol stimulates DNL, we measured fasting cortisol concentrations after the 5-d diet protocols; cortisol concentrations did not differ significantly between groups.
Fasting plasma insulin and triacylglycerol concentrations in the 5 groups of subjects prediet and postdiet are shown in Table 3 . A two-factor repeated-measures ANOVA was performed to evaluate the effects of group (5 subject groups) and time (prediet and postdiet) on insulin and triacylglycerol. For insulin concentration, there was no significant group-by-time interaction (P = 0.208). Therefore, the conclusions about time and group effects were obtained 2 There was no significant interaction between group and time. The main effect of time was significant (P < 0.05). The main effect of group was also significant: 3 groups with normal fasting insulin concentrations had significantly lower fasting insulin values than did the 2 groups with high fasting insulin values (P < 0.05). 3 There was a significant interaction between time and group for triacylglycerol concentration (P < 0.003), but there was no significant group-by-time interaction for either diet when each diet was analyzed separately. Within the low-fat, high-carbohydrate diet groups, there was a significant main effect of time (P < 0.01). from the main effects. After 5 d of the controlled isoenergetic diet, there was a significant drop in fasting insulin concentration (P < 0.05) when compared with fasting insulin at screening. However, screening values were obtained after an overnight fast of 8-10 h, whereas the overnight fast was 12 h in duration at the postdiet measurement. Furthermore, the mean insulin concentration was significantly higher in the hyperinsulinemic obese subjects than in the normoinsulinemic lean and obese subjects (P < 0.05).
For triacylglycerol concentrations, there was a significant group-by-time interaction (P = 0.003). Therefore, we repeated the analysis for each diet separately and found that there was no significant group-by-time interaction for either diet. Consumption of a high-fat, low-carbohydrate diet for 5 d did not affect plasma triacylglycerol concentrations compared with screening values, so there was no time effect. In contrast, after 5 d of the low-fat, highcarbohydrate diet, there was a significant, 1.5-fold increase in plasma triacylglycerol concentrations (P < 0.01).
Fractional DNL
With the high-fat, low-carbohydrate diet, DNL was minimal and did not differ significantly between the lean and obese subjects with normal fasting insulin concentrations. In contrast, hyperinsulinemic obese subjects had a significantly higher DNL compared with both lean and obese normoinsulinemic subjects (Figure 1 ; P < 0.05). Interestingly, although DNL did not differ significantly between the lean normoinsulinemic and the obese hyperinsulinemic subjects who consumed the lowfat, high-carbohydrate diet (Figure 1 ), DNL was significantly higher (P < 0.05) with the low-fat, high-carbohydrate diet for both groups when compared with the normoinsulinemic subjects who consumed a high-fat, low-carbohydrate diet for 5 d (Figure 1 ; P < 0.05).
Because of the significant interaction among groups for fasting triacylglycerol concentrations, the correlation between DNL and fasting triacylglycerol was analyzed separately for the normoinsulinemic and hyperinsulinemic groups after the high-fat, low-carbohydrate diet; no significant correlations were found. Although the plasma triacylglycerol concentration did not correlate with DNL in the subjects who consumed the low-fat, high-carbohydrate diet, the increase in triacylglycerol concentrations induced by this diet was positively correlated with DNL (Figure 2 ; P < 0.05, R = 0.87). These results suggest that the individuals with the highest DNL were those who experienced the greatest increase in plasma triacylglycerol after a low-fat, high-carbohydrate diet.
When fractional DNL was measured in the plasma fatty acids of the lean and obese subjects with the highest hepatic DNL, we found that the contribution of plasma fatty acids to hepatic DNL was negligible. Although it can be argued that theoretically, fatty acids synthesized de novo in adipose tissue can be released into the bloodstream, reesterified in the liver, and re-secreted as VLDL-triacylglycerol, our data support the concept that, in the time frame of our labeling experiment (10 h), DNL measured from VLDL-triacylglycerols is essentially hepatic. When we measured DNL directly from fatty acids in the 4 subjects in our study who had the highest DNL, we found that 3 of the 4 subjects had fractional DNL measured from fatty acids ( Table 4) . However, the precursor pool enrichment values calculated from fatty acids and from VLDL-triacylglycerol were virtually identical. This suggests that these fatty acids were synthesized in the liver. However, we cannot exclude the possibility that adipose tissue made a small contribution to the otherwise hepatic DNL.
DISCUSSION
Until recently, DNL was believed to be an insignificant pathway in humans who eat a Western, high-fat diet. In addition, very little was known about the effect of the often recommended alternative diet, which is a low-fat, high-carbohydrate diet, on hepatic metabolism. However, with the development of new methodologies for measuring hepatic DNL, it was shown that hepatic DNL varies greatly depending on the health of the subjects (12, 13, 15) and the types of diets they consume (4, 5, 7, 9-11, 18, 19) . The present study sought to answer 3 questions. First, do hyperinsulinemic obese subjects fed a Western, high-fat diet have higher fractional hepatic DNL than do normoinsulinemic lean or obese subjects fed the same diet? Second, is hepatic DNL increased when simple carbohydrate represents 54% of a low-fat, highcarbohydrate diet? And third, what is the relation of increased hepatic DNL to VLDL-triacylglycerol concentrations?
Effect of obesity, hyperinsulinemia, and a high-fat Western diet on fractional hepatic DNL
Our results show for the first time that, with a high-fat, Western diet, hyperinsulinemic obese subjects have significantly higher DNL than do normoinsulinemic lean subjects consuming the same diet (Figure 1 ). More importantly, we showed that the increase occurred only in obese subjects who were hyperinsulinemic, because obese subjects without hyperinsulinemia did not have elevated DNL. To ensure strict control of dietary energy intake and to achieve energy balance, the subjects stayed in a metabolic ward and received a high-fat, low-carbohydrate Western diet for 5 d before fasting DNL was measured. Weight was measured daily and, if necessary, food intake was adjusted slightly to maintain a at PENNSYLVANIA STATE UNIV PATERNO LIBRARY on February 23, 2013 ajcn.nutrition.org Downloaded from constant body weight. Furthermore, to enroll in the study, subjects had to be weight-stable during the 6 mo preceding the study. Therefore, in this study, overeating could not be responsible for the observed changes in DNL. Previous studies showed that DNL is absent or accounts for < 2-3% of VLDL-triacylglycerol in lean subjects in energy balance on a high-fat, Western diet (4, 5, 7, 9) . In addition to confirming previous results in lean subjects, the present study shows that obese subjects fed a high-fat diet do not have significantly increased DNL when they are normoinsulinemic (Figure 1 ; P < 0.05). Remarkably, however, hyperinsulinemic obese subjects eating the same nonlipogenic diet have significantly higher DNL, at Ϸ3-4 times the DNL measured in normoinsulinemic subjects (Figure 1) . Our data suggest that in obese subjects, hyperinsulinemia or another unknown unmatched variable, but not body composition, is a determining factor for stimulating hepatic DNL.
These results are intriguing because these hyperinsulinemic subjects did not receive excess energy from carbohydrate but rather consumed a high-fat diet (40% of energy from fat) with a low proportion of carbohydrate (47% of energy). Why would their livers continue to convert carbohydrate into fat when there was a relatively small amount of carbohydrate available? Our study was not designed to answer this question, but 2 hypotheses can be considered. The first one is that DNL in these subjects is the result of reduced glucose uptake by extrahepatic tissues, leading to an increased supply and availability of carbohydrate for hepatic metabolism. Furthermore, gluconeogenic precursors, which are increased with insulin resistance (20) (21) (22) , may provide an additional source of carbon for hepatic fat synthesis. The second hypothesis is that hyperinsulinemia itself leads to increased DNL in obese subjects.
Interestingly, in insulin-resistant, lipoatrophic mouse models, Shimomura et al (23) showed that there are 2 independent hepatic insulin-signaling pathways. One pathway, controlled by insulin receptor substrate-2, is responsible for gluconeogenesis and is insulin-resistant (lacking proper inhibition of gluconeogenesis by insulin, thus causing hyperglycemia), whereas the other insulinsignaling pathway, controlled by the transcription factor SREBP-1C, remains insulin-sensitive and leads to increased amounts of mRNA for the key enzymes of lipogenesis [glucokinase (EC 2.7.1.1-2), malic enzyme (EC 1.1.1.38), acetyl-CoA carboxylase (EC 6.4.1.2), and fatty acid synthase (EC 2.3.1.85)]. With the increased quantity of insulin present in insulin resistance, the insulin-sensitive signaling pathway (SREBP-1C) is indeed stimulated and leads to increased lipogenesis. This mixed pattern of hepatic insulin resistance and sensitivity may be the molecular foundation for the association between dyslipidemia and type 2 diabetes. Our results in hyperinsulinemic obese subjects are compatible with these recent findings in insulin-resistant mouse models (23) . The 2 hypotheses discussed above are not mutually exclusive, and the effects of both in parallel may promote hepatic DNL. In one condition, the extrahepatic insulin resistance redirects substrates and provides more carbohydrate and lipogenic precursors for the liver; in the other, the liver, itself in lipogenic mode because of hepatic insulin resistance, would take up more glucose (stimulated by glucokinase) and convert more carbohydrate into fat (stimulated by lipogenic enzymes).
Our measurements assess overall hepatic DNL and show that the pathway is indeed stimulated even in hyperinsulinemic obese subjects consuming a low-carbohydrate diet. Lipogenesis in these dietary conditions suggests that in the presence of hyperinsulinemia, the liver converts excess carbohydrate to fat to control blood glucose and prevent hyperglycemia. However, this homeostasis that preserves normal glucose concentrations disrupts fat metabolism by increasing triacylglycerol concentrations, a factor that itself might exacerbate insulin resistance and set up a vicious cycle (24) .
Effect of a low-fat, high-carbohydrate diet on DNL in lean normoinsulinemic and obese hyperinsulinemic subjects
Our results showed that after 5 d in energy balance on a lowfat, high-carbohydrate diet, normoinsulinemic lean and hyperinsulinemic obese subjects had significantly higher fractional DNL than did normoinsulinemic lean and obese subjects fed a high-fat diet (Figure 1) . Our low-fat, high-carbohydrate diet matched the proportions of fat and carbohydrate used previously by Parks et al (11) ; however, the ratio of simple to complex carbohydrates in the present study was 54:46, compared with 40:60 in the study by Parks et al. In the present study, this higher proportion of simple sugars (54%) led to elevated fractional hepatic DNL, whereas when only 40% of the carbohydrate consisted of simple sugars, hepatic DNL was minimal (11) . Overall, these findings confirm and extend previous results from Hudgins et al (8) , who found that the proportion of simple sugars in very-low-fat, highcarbohydrate diets was the determining factor for hepatic DNL in healthy subjects.
In view of this striking difference in fractional hepatic DNL between a high-fat, low-carbohydrate diet (DNL < 3%) and a low-fat, high-carbohydrate diet (DNL > 12%) in lean subjects (Figure 1) , it was particularly interesting to test the effect of the low-fat, high-carbohydrate diet in a group of hyperinsulinemic obese subjects whose DNL was already elevated (DNL > 8%) when consuming a high-fat diet. Although fractional DNL appeared to be slightly higher in hyperinsulinemic obese subjects consuming the low-fat, high-carbohydrate diet (DNL > 12%) than in those consuming a high-fat diet, this difference was not statistically significant; a crossover design would have tested this question more adequately. Yet, it appears that these preliminary results comparing 2 small groups of hyperinsulinemic subjects reveal a trend of higher fractional DNL after a low-fat, high-carbohydrate diet than after a high-fat, low-carbohydrate diet. Furthermore, our data clearly show that a low-fat, high-carbohydrate diet with a large proportion of simple sugars stimulates a lipogenic mode in the livers of insulin-sensitive subjects; this mode is comparable with the one observed in hyperinsulinemic subjects consuming a high-fat diet.
Relation between hepatic DNL and triacylglycerol concentrations
A high blood triacylglycerol concentration is an independent risk factor for coronary heart disease. This new understanding was mainly derived from the strength of evidence found in a metaanalysis of 17 prospective population-based studies (1, 2, 25) . Moderately increased VLDL-triacylglycerol concentrations are associated with a constellation of abnormalities in serum lipoproteins, such as reduced HDL (26, 27) and a predominance of small, dense LDL (28, 29) , both of which are predisposing factors for cardiovascular disease.
Overall, high triacylglycerol concentrations result from an imbalance between the rates of VLDL-triacylglycerol production and VLDL-triacylglycerol clearance. The main factor responsible for hepatic triacylglycerol secretion is fatty acid availability (30) . In the liver, fatty acids may originate from either DNL, breakdown of stored triacylglycerol, or circulating fatty acids (30) .
Hepatic DNL may increase VLDL-triacylglycerol secretion by way of 2 processes. The first is a direct effect of the synthesis of new fatty acids made available for triacylglycerol production. The second is an indirect effect of the lipogenic mode of the liver, causing inhibition of fatty acid oxidation and consequently increasing reesterification of circulating fatty acids. The biochemical basis for the second effect was discovered by McGarry et al (31, 32) , who showed that the increased concentration of malonyl-CoA (a substrate in the DNL pathway) that is present when DNL is increased is a potent inhibitor of the transport of fatty acids into the mitochondria, where they are oxidized. Therefore, by both indirect and direct mechanisms, high hepatic DNL leads to an increased rate of production of VLDL-triacylglycerol that may in turn lead to increased triacylglycerol concentrations.
Although the triacylglycerol concentrations reported in this study are 2 single measurements obtained prediet and postdiet, and this may have resulted in more variable data, we nonetheless found that hyperinsulinemic obese subjects consuming a high-fat, Western diet had significantly higher triacylglycerol concentrations, as previously shown by others. The new finding in the current study, however, is that these hyperinsulinemic obese subjects also had higher fractional hepatic DNL when compared with normoinsulinemic lean and obese subjects. More importantly, the low-fat, high-carbohydrate diet induced a change in triacylglycerol concentrations that was correlated with fractional hepatic DNL in normoinsulinemic lean and hyperinsulinemic obese subjects ( Figure 2 ; P < 0.05). Because we measured the change in triacylglycerol concentrations in the same subjects (Table 3) , the association between fractional hepatic DNL and the increase in triacylglycerol concentrations supports a role for hepatic DNL as a factor in this increase (Figure 2) .
The change in triacylglycerol concentrations in our study was calculated from 2 single measurements (prediet and postdiet). One cannot rule out that, with our experimental design, a high day-to-day variability and a long interval between the 2 measurements may explain the lack of consistency in triacylglycerol response on the high-fat, low-carbohydrate diet. Many studies have established previously that high-carbohydrate diets increase triacylglycerol concentrations (33, 34) . In addition to confirming these findings, our data, as well as those of others (10), support the hypothesis that hepatic DNL contributes to this process ( Figure 2 ). In this study, we showed that hyperinsulinemic obese subjects have high hepatic DNL under a dietary condition (high-fat diet) in which normoinsulinemic subjects have no DNL. We also found that when normoinsulinemic and hyperinsulinemic subjects consume a low-fat, high-carbohydrate diet with more than half of the carbohydrate in the form of simple sugars, hepatic DNL is high and triacylglycerol concentrations are increased.
Animal studies have shown that in rodents and dogs, chronic lipogenic diets are associated with hypertriglyceridemia and the development of insulin resistance (35) (36) (37) . Two of our previous acute human studies also support a link between hepatic DNL and insulin resistance. Our acute carbohydrate overfeeding study showed a significant increase in fasting glucose production (a sign that hepatic insulin sensitivity was reduced) with increased DNL in healthy subjects (9) . In a second study, we found that trauma patients who become critically ill develop a lack of proper inhibition of glucose production by carbohydrate feeding (hepatic insulin resistance). They also have higher fractional DNL than do healthy subjects (12) . Although it would be premature at this stage to propose a relation between increased hepatic DNL and hyperinsulinemia, more data that support this idea are accumulating. The primary role of the liver in the etiology of insulin resistance is supported by elegant animal studies showing that loss of insulin signaling in hepatocytes leads to severe insulin resistance (38) . The low-fat, high-carbohydrate diet often recommended as a substitution for high-fat, low-carbohydrate diets may not be the best possible choice if it induces hepatic DNL and insulin resistance, especially when most of the carbohydrate is in the form of simple sugars.
This study supports the hypothesis that hepatic DNL is one of the mechanisms by which low-fat, high-carbohydrate diets induce hypertriglyceridemia in human subjects. Furthermore, hepatic DNL may also be a determining factor in inducing hypertriglyceridemia in insulin-resistant subjects, irrespective of their diets. Finally, chronic consumption of a low-fat, high-carbohydrate diet with a high simple sugar content may trigger undesirable changes in hepatic metabolism, leading not only to hypertriglyceridemia, but perhaps also to insulin resistance. Indeed, the new dietary guidelines from the American Heart Association do not recommend very-low-fat diets because they may amplify metabolic abnormalities such as hypertriglyceridemia, insulin resistance, and low HDL concentrations (39) .
Further longitudinal human studies are needed to confirm the critical role of hepatic DNL in increasing triacylglycerol concentrations and to determine whether chronic hypertriglyceridemia induced by DNL leads to insulin resistance. Such studies should help to clarify how diet composition is related to hyperinsulinemia and diabetes.
